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Abstract Several decades of research in alpine
ecosystems have demonstrated links among the critical zone, hydrologic response, and the fate of elevated
atmospheric nitrogen (N) deposition. Less research
has occurred in mid-elevation forests, which may be
important for retaining atmospheric N deposition. To
explore the fate of N in the montane zone, we
conducted plot-scale experimental rainfall events
across a north–south transect within a catchment of
the Boulder Creek Critical Zone Observatory. Rainfall
events mimicked relatively common storms (20–50%
annual exceedance probability) and were labeled with
15
N-nitrate (NO
3 ) and lithium bromide tracers. For 4
weeks, we measured soil–water and leachate concen
trations of Br-, 15 NO
3 ; and NO3 daily, followed by
15
recoveries of N species in bulk soils and microbial
biomass. Tracers moved immediately into the

subsurface of north-facing slope plots, exhibiting
breakthrough at 10 and 30 cm over 22 days. Conversely, little transport of Br- or 15 NO
3 occurred in
south-facing slope plots; tracers remained in soil or
were lost via pathways not measured. Hillslope
position was a significant determinant of soil 15NNO
3 recoveries, while soil depth and time were
significant determinants of 15N recovery in microbial
biomass. Overall, 15N recovery in microbial biomass
and leachate was greater in upper north-facing slope
plots than lower north-facing (toeslope) and both
south-facing slope plots in August; by October, 15N
recovery in microbial N biomass within south-facing
slope plots had increased substantially. Our results
point to the importance of soil properties in controlling
the fate of N in mid-elevation forests during the
summer season.
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Introduction
The fate of reactive nitrogen (N) in terrestrial ecosystems has been a focal area of research for several
decades because it is both a fundamental control on net
primary production (LeBauer and Treseder 2008), and
human activities have dramatically increased the
amount of N cycling in the biosphere (Gruber and
Galloway 2008; Vitousek et al. 1997). It is well known
that high inputs of reactive N in atmospheric deposition and fertilizers accelerate soil N cycling (e.g., Aber
et al. 1995; Goulding et al. 2008; Månsson and
Falkengren-Grerup 2003), increase the amount of N
transported to down-gradient aquatic ecosystems and
returned to the atmosphere (e.g., Gundersen et al.
1998; Robertson et al. 2000), and change species
composition in terrestrial and aquatic ecosystems
(e.g., Berendse et al. 2001; Matson et al. 2002;
Zavaleta et al. 2003). Much of this research has been
motivated by an ecological view of the N cycle; that is,
building an understanding of the responses and
feedbacks of biota to high N inputs. Far less research
has investigated the interactions of atmospheric N
deposition with hydrologic response and critical zone
properties.
The critical zone, defined as the area where ‘‘life
meets rock’’ (Anderson et al. 2007; Brantley et al.
2007), extends from the top of the regional groundwater table to the atmosphere–biosphere boundary.
Critical zone depth and soil characteristics (e.g.,
texture and organic matter content), as well as rock
structure, vary within catchments and across hillslopes
(Parsekian et al. 2015). These variations are the result
of physical controls, such as erosion, that move
material downslope, and chemical controls, such as
weathering of base cations, which occur at higher rates
in the under-saturated soil matrix of upslope positions
(Jin et al. 2010). Past studies have evaluated the role of
hillslope position in N cycling, and found that soil and
particulate organic matter erosion on steep hillslopes
resulted in higher N losses than on flat ridge tops
(Weintraub et al. 2015). Similarly, the magnitudes and
temporal patterns of water inputs to the critical zone
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can affect subsurface flows of water and solutes
downslope, as shown by field (e.g., Hinckley et al.
2012) and modeling (e.g., Hopp et al. 2009) studies.
These different lines of evidence point to the role of
endogenous factors within the physical landscape and
hydrological forcing as controls on the fate of N.
Ecosystems of the Colorado Front Range provide
an important context for investigating the interactions
among critical zone properties, hydrology, and the fate
of atmospheric N deposition. Studies during the last
three decades have shown that atmospheric N deposition as ammonium nitrate (NH4NO3) has been
elevated on the eastern slope of the Rocky Mountains:
3–5 kg N ha-1 year-1 compared with 1–2 kg N ha-1
year-1 on the western slope (see Benedict et al. 2013;
Williams et al. 2011; Baron et al. 2000). Atmospheric
N (wet) deposition reaches high elevation zones
primarily during two distinct classes of precipitation:
winter/spring snowfall and summer convective rain
storms. Periods of maximum precipitation are bimodal, with a peak in the spring (April/May) when
snowfall and frontal (low intensity, long duration)
rains predominate, and a second peak during the
summer (July/August) from the North American
monsoon and Great Plains convection system when
rainstorms of high intensity and short duration are
common (Higgins et al. 1997; Barry 1973). Currently,
atmospheric N deposition to a long-term measurement
site within the mid-elevation zone (2524 m) is 2 kg N
ha-1 year-1, with approximately 0.8 kg N ha-1
deposited from 1 June through 1 October, when
rainfall is the dominant fraction of total precipitation
(Station CO94; National Atmospheric Deposition
Program, NADP 2013). However, little is known
about the importance of wet versus dry atmospheric N
deposition, and data are limited to the wet fraction
monitored by the National Atmospheric Deposition
Program (NADP, http://nadp.sws.uiuc.edu). NADP
measurements do not include N in dust or organic N
deposition, both of which may be important fluxes to
ecosystems (Neff et al. 2002).
Researchers have developed a substantial body of
research on N cycling in the alpine zone of the
Colorado Rocky Mountains (e.g., Baron et al. 2000;
Brooks et al. 1998; Williams et al. 1996). Far less
attention has been paid to understanding the fate of N
in mid-elevation forests where the critical zone (soil
and weathered rock) is thicker, due to lack of
glaciation, and there is greater aboveground biomass,
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which increases the potential for N retention within the
terrestrial system. In addition, while snowmelt is a
time of substantial N delivery to these ecosystems (see
Hinckley et al. 2014; Williams et al. 2011), summer
presents a time of potentially significant N biogeochemical cycling and transport, during rainstorms and
periods of warm temperatures. Other studies have
demonstrated these responses in subtropical forested
regions characterized by a seasonal monsoon (e.g.,
Tsunogai et al. 2010; Fang et al. 2009; Bashkin et al.
2002). However, the fate of N during the summer has
not yet been sufficiently explored in the Colorado
Front Range.
In an initial study of the fate of N deposition in midelevation forested ecosystems, we conducted a snowmelt tracer experiment, which illuminated differences
in water supply and associated N transport patterns on
opposing hillslopes (i.e., north- vs. south-facing)
(Hinckley et al. 2012, 2014). We found that southfacing slopes, which had intermittent snow cover,
experience wetting and drying cycles, with the wetting
cycles characterized by rapid vertical flow that transports atmospheric N to depth, largely bypassing the soil
matrix. In contrast, north-facing slopes, with continuous snowpack, remain wet throughout the snowmelt
period, with sustained water flow through a connected
soil matrix that provides sufficient contact time for
atmospheric N to be retained within soil organic pools.
This study explored differences in melt water delivery
by aspect, leaving the outstanding question, do soil
properties play a substantial role in mediating the fate
and transport of atmospheric N deposition?
In contrast to snowmelt, summer presents a time of
wet N deposition when water supply to the subsurface,
via precipitation inputs, is equivalent on north- and
south-facing aspects. Therefore, it is possible to isolate
the effects of critical zone properties on hydrologic
response and the fate of atmospheric N. To address this
question during summer rainfall, we controlled the
amount of water and N input to the soil surface and
followed soil–water and N dynamics in the subsurface
using lithium bromide (LiBr) and highly anomalous
(relative to background or natural abundance) 15Nnitrate (NO
3 ; 99.3 at.% as KNO3) tracers. Following
our previous research during the snowmelt season, we
hypothesized that locations with wetter antecedent soil
moisture conditions would lead to a more connected
soil matrix, promoting rapid vertical transport of water

215

and N (characteristic of north-facing slope soils),
while locations with a drier, less connected soil matrix
at the start of the summer would have little or episodic
transport (characteristic of south-facing slope soils).
These behaviors would lead to distribution of N within
the subsurface of north-facing slope soils, while on
south-facing slopes, it would remain on the surface
until a significant event transported it to depth. We
further hypothesized that, given more consistently
maintained soil moisture and higher soil carbon-tonitrogen (C:N) ratios on the north-facing slope, there
would be greater N uptake by the microbial community than on the south-facing slope, leading to more
ecosystem retention of applied N.

Study area
Our research site was at elevation 2440–2600 m
(40.01 N, -105.47 W) within Gordon Gulch, a 2.7km2 sub-catchment of North Boulder Creek within the
Boulder Creek Critical Zone Observatory (BcCZO) in
Colorado, US. The sub-catchment is located on the
Rocky Mountain surface, a low relief, high elevation
region flanking the crest of the Colorado Front Range.
The Rocky Mountain surface was not subjected to
post-Laramide glacial or canyon-cutting erosional
perturbations of the Late Cenozoic (Anderson et al.
2006, 2012), therefore the depth to the weathering
front is substantial (Befus et al. 2011), averaging 8 m,
and up to 30 m in some parts of the area (Dethier and
Lazarus 2006). The bedrock is dominantly Paleoproterozoic biotite gneiss (Cole and Braddock 2009).
Mean annual precipitation is 511 mm, based on the
26-year average (1987 through 2012) recorded at the
Sugarloaf NADP Station, located approximately 2 km
to the south of Gordon Gulch at 2524 m elevation
(NADP Station CO94 at 39.99 N, -105.48 W; NADP
2013; see Fig. 1b), and mean annual air temperature is
6.9 °C (Western Regional Climate Center, WRCC
2011). The average rainfall in the month of July is
approximately 60 mm (based on the 26-year average);
this is the most variable month in precipitation totals,
with minimum and maximum recorded monthly
precipitation of 12 and 128 mm, respectively (NADP
2013). The vegetation is characteristic of the upper
montane zone described by Marr (1961; in Birkeland
et al. 2003), with north-facing slopes dominated by
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Fig. 1 a Hillshade of
Gordon Gulch study
catchment, part of the
Boulder Creek Critical Zone
Observatory. Transect of
plot locations across
opposing hillslopes depict
south-facing upper (SF-U),
south-facing lower (SF-L),
toeslope (TS), north-facing
lower (NF-L), and northfacing upper (NF-U)
positions. b Mean July
precipitation estimated by
http://prism.oregonstate.edu
(1980–2010) in the region
including Gordon Gulch.
Inset shows study catchment
within the State of Colorado
Source http://criticalzone.
org/boulder/
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Lodgepole pine (Pinus contorta) and south-facing
slopes with low-density Ponderosa pines (Pinus ponderosa) and intervening grasses (Peet 1981).
On the south-facing slope, soils are Typic Haplustolls–Cathedral family–rock outcrop (Ustolls), at the
toeslope, soils are Pachic Argiustolls–Aquic Argiudolls complex (Udolls), and on the upper north-facing
slope, soils are primarily Bullwark–Catamount families–Rubble land complex (Cryepts) (NRCS 2009).
Along the study transect discussed below, depth to

123

Cr.
Bou

Sugarloaf NADP

Nor

lder

th
0

1 Kilometers

saprolite on hillslopes was typically 30–35 and
40–45 cm on south- and north-facing slopes, respectively. The depth to saprolite is relatively uniform
along each hillslope profile, with the exception of the
toeslope (i.e., stream terrace in the riparian zone), a
depositional area, where depth to saprolite is [1.5 m
(Foster et al. 2015). Except for the depositional areas,
soil residence times (10–20 k years) and exhumation
rates (3.1 cm k year-1) are similar across both slope
aspects (Foster et al. 2015). General soil
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characteristics are reported in Diek et al. (2014) and
Hinckley et al. (2014). Soil pH is slightly lower in
north-facing (5.35 ± 0.13) than south-facing slope
soils (5.81 ± 0.59), and C:N ratios are higher on the
north- (35.5 ± 8.5) than the south-facing slope
(26.0 ± 3.5) (Hinckley et al. 2014). Organic matter
contents are slightly higher on the north-facing slope
(6.9 ± 3.8%, n = 100) than on the south-facing slope
(5.3 ± 3.8%, n = 100) (Diek et al. 2014).

Methods
Experimental design and hydrological
observations
We established experimental plots along a north–south
cross-section of the study catchment. Plot locations
included upper (U) and lower (L) positions on the north(NF) and south-facing (SF) aspects, as well as the
toeslope (TS) position adjacent to the channel (Fig. 1a).
Each plot (one per hillslope position) was 2 m 9 2 m,
and we chose its location based on representative
vegetation cover and soil profile characteristics. We
installed nested instrumentation within each plot, including tension (Prenart Equipment, ApS) and zero-tension
lysimeters to sample water held within the matrix and
gravity-driven leachate moving through macropores,
respectively. In brief, the zero-tension lysimeters were
constructed of 10-cm diameter PVC pipe cut to 30.5 cm
length, capped at each end, and cut in half to create two
lysimeter bodies. At one end of each lysimeter body, a
port was drilled into the cap and a fitting installed to
accommodate attachment of 1.3-cm Tygon tubing,
which connected to a 500-mL HDPE bottle. Lysimeter
bodies were filled with native soil material during
installation into the face of a soil pit dug at the downslope
end of each plot. The collection bottle was placed at the
bottom of the soil pit, below the installed lysimeter.
Lysimeters were installed in September and October
2009, before winter snowfall, so that they would remain
in situ for greater than 6 months prior to sampling.
Additionally, soil–water content probes (time
domain reflectometry, Campbell Scientific CS616)
were installed to monitor changes in volumetric soil–
water content (cm3 cm-3) during the study period.
Soil–water content probes are part of the larger
BcCZO
infrastructure
(http://criticalzone.org/
boulder/) and were installed between 12 September
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2009 and 7 April 2010; data reported in this paper are
from the study period only (1 June through 5 October).
The depths at which soil–water content probes and
lysimeters were installed are summarized in Table 1,
and their locations within the plots are shown in Fig. 2.
Lysimeters were placed at 10 cm and at approximately
30 cm, near the soil–saprolite interface and below the
most densely rooted area. At the TS position, where
soils are deeper, additional lysimeters were installed
within the soil profile to capture tracer movement. Due
to the small size of the plots (designed to minimize
application of enriched 15N to the study area), only one
lysimeter and one soil–water content probe were
installed per depth. Therefore, we focused on sampling frequently at each location rather than replicating spatially (see below).

LiBr and 15N tracer studies
The experimental rainfall events were conducted from 20
through 23 July 2010, and were designed to mimic the
brief, yet sometimes intense, convective rainstorms that
occur in the Colorado Front Range during that period.
Rainfall was applied using backpack sprayers with
extended wands and calibrated to spray with an intensity
of 37 mm h-1. We divided the 2 m 9 2 m experimental
plots into four quadrants, and each quadrant was
simultaneously sprayed evenly (see Fig. 2). The first
application contained the tracers (7.99 g L-1 Br-, as
LiBr, and 6.67 mg L-1 99.3 at.% 15N as KNO
3 ), and
15 mm of solution (per square meter) was applied over
a period of 25 min. We targeted this quantity of N
because it represented the approximated mean annual
-1

NO
3 load at this elevation (1 kg NO3 -N ha ), which
is approximately 50% of the total N received via
atmospheric (wet) deposition (Williams et al. 2011).
According to Templer et al. (2012), 15N studies that
apply\2.5 kg N ha-1 year-1 are considered ambient;
our objective was to add a sufficient quantity of 15N to
obtain measureable results while minimizing the
potential for a fertilization effect. The rate and
duration of tracer application was similar to a
rainstorm that has a 20–50% chance of occurring
every year (Perica et al. 2013). Twenty-four hours
later, we applied 7.5 mm of deionized water in 12 min
(a storm with an annual frequency between 50 and
100%) as a ‘‘chaser’’ to move the tracer front further
through the soil profile. During and between the two
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Table 1 Summary of the subsurface instrumentation installed in the experimental plots
Plot names

Soil–water content
depths (cm)

Tension lysimeter
depths (cm)

Zero-tension lysimeter
depths (cm)

SF-U

5, 25

10, 30

10, 30

SF-L

5, 22

10, 30

10, 30

TS

5, 10, 25, 60

5, 10, 30, 60

5, 10, 30, 60

NF-L

5, 25

10, 30

10, 30

NF-U

5, 19

10, 30

10, 30

SF south-facing aspect, NF north-facing aspect, U upper hillslope position, L lower hillslope position, TS toeslope, which is in the
streamside depositional area between the two opposing hillslopes

canopy
tracer application
quadrant

tension
lysimeters

datalogger

2m
soil water
content probes

2m

zero-tension
lysimeters
Fig. 2 Design for experimental rainfall events and tracer
application at each plot

experimental rainfall events, we covered each plot
with an opaque tarp, approximately 1.5 m above the
soil surface, thereby shading the measurement area to
minimize evaporative losses (Fig. 2) and removed it
following the chaser storm. There was no natural
rainfall during the tracer application period, although
events occurred prior to and following the experimental events.
Following the tracer application, tension lysimeters
were immediately set to 40.6 cm vacuum to begin
measuring movement of tracers in the subsurface.
However, soils were too dry in the south-facing slope
plots to retain tension in the lysimeters until 23 July (2
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days after tracer was applied). Zero-tension lysimeters
were also sampled when leachate was available; each
zero-tension lysimeter was checked and emptied on
24-h intervals so that leachate samples integrated over
the same period of time as samples collected from the
tension lysimeters. We sampled solution from all
lysimeters from 20 July through 12 August 2010. Soil
samples were collected on 4 August (toward the end of
the period when we could collect soil–water) and 5
October (at the seasonal transition) 2010 at 0–10 and
10–25 cm to determine recovery of 15N label in the
soil inorganic N [ammonium (NHþ
4 ) and nitrate
)]
and
microbial
biomass
pools.
We also
(NO
3
collected soil samples (one composite sample of three
soil cores, each at 0–10 and 10–25 cm) at adjacent
unlabeled plots at each hillslope position to measure
background N pools and natural abundance 15N. We
used these data for calculation of 15N label recovery in
soil and microbial biomass. By the start of our
experiment, vegetation had senesced on the southfacing slope and was dormant, so we could not
measure uptake into new biomass growth or roots.
Sampling of soil–hydraulic properties
Soil–hydraulic properties, including soil–water retention and saturated hydraulic conductivity (Ksat), control the storage and movement of water through the
variably saturated subsurface. At SF-L, TS, and NF-L,
we collected one soil core at 0–10 and 10–30 cm depth
increments for analysis of soil–hydraulic properties.
At SF-L, we collected an additional core at 0–2 cm,
given our observation of surface flow within plots
during tracer–chaser applications on the south-facing
slope. D.B. Stephens and Associates processed these
repacked samples to a field-measured bulk density
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(not intact soil cores). Saturated hydraulic conductivity for the cores was estimated using the constant head
permeameter method (Reynolds and Elrick 2002).
Soil–water retention curves, also called moisture
release curves, for the cores were measured using
the hanging column method (Dane and Hopmans
2002a), a pressure plate (Dane and Hopmans 2002b), a
dewpoint potentiometer (Gee et al. 1992), and a
relative humidity-controlled chamber (Nimmo and
Winfield 2002). The computer program RETC (Van
Genuchten et al. 1991) was used to estimate van
Genuchten (1980) parameters for the soil–water
retention data. The van Genuchten (1980) parameters
allow representation of the soil–water retention curve
using a continuous function. They include hs, soil–
water content at saturation, hr, residual water content,
a, related to the inverse of the air-entry value, and
n ([1), a measure of the pore size distribution.
Laboratory analyses
All soil–water and leachate samples were filtered
using 0.45-lm Supor membrane syringe filters
(Acrodisc) in the field and stored in 60-mL HDPE
bottles. Samples were analyzed in the Niwot Ridge
Long-Term Ecological Research (LTER) Kiowa Laboratory (Boulder, CO) within 1 week of collection. For
determination of inorganic N pools in soil, 60 g fieldmoist soil were shaken in 150 mL 2 M potassium
chloride for 18 h, and then filtered through cellulose
Whatman 1 filters. Microbial biomass N was extracted
by preparing two sets of soil sub-samples (60 g fieldmoist soil) in 150 mL 0.5 M potassium sulfate, and
treating one set with 1 mL ethanol-free chloroform to
serve as a fumigated sample, following Fierer and
Schimel (2003). The extraction period and filtration
were the same as for inorganic N determination.
Samples were oxidized with persulfate digestion,
according to Cabrera and Beare (1993), and microbial
biomass N was calculated by differencing fumigated
and un-fumigated samples without correction for
extraction efficiency (see Silver et al. 2005).
Diffusion of soil extracts for 15N isotopic analysis,
including blank correction, was performed following
Stark and Hart (1996). We optimized our diffusion
technique for extracts in the 20–60 mL range with 20–
400 lg inorganic N at\30 at.%. Due to our use of highly

enriched 15N-NO
3 and the presence of low NO3
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concentrations in soils at our study site, we spiked the
soil extracts with 60 lg NO
3 -N (natural abundance)
in order to dilute the isotopic signal and have sufficient
N for determination of 15N abundance. We subsequently subtracted the effect of the spike to get actual
15
N abundance values.
Bromide in water was measured on a Metrohm 761
Compact ion chromatograph with a detection limit of
0.015 mg L-1. In soil extracts, NHþ
4 -N was measured
colorimetrically on a BioTek Synergy 2 microplate
reader with a detection limit of 0.009 mg N L-1.
Nitrate was measured colorimetrically on an OI
Analytical FS-IV with a detection limit of
0.5603 lg N L-1 and TDN using wet oxidation/NDIR
on a Shimadzu TOC-V CSN with a detection limit of
0.014 mg N L-1. N stable isotope composition in
soil–water and leachate was measured at the University of California, Davis, Stable Isotope Laboratory
using the denitrifier method (Casciotti et al. 2002;
Sigman et al. 2001) on a ThermoFinnigan GasBench
and PreCon trace gas concentration system. 15N values
were calculated using working standards composed of
N2 and N2O (e.g., 3% N2 ? 1 ppm N2O with the
balance He or 1 ppm N2O with balance N2). The N2
and N2O (following conversion to N2 ? O2) were
calibrated against the 15N value of air. 15 NO
3 and
þ

15
15
NH4 in soils and microbial biomass ( NO3 only)
were measured at the University of California, Davis,
Stable Isotope Laboratory using a PDZ Europa
ANCA-GSL elemental analyzer with PDZ Europa
20–20 isotope ratio mass spectrometer (long-term
standard deviation of 0.3% for 15N). Values were
calibrated using two in-house standards and to the
international standard for air.
Calculation of 15N recovery in ecosystem pools
We calculated the recovery of 15N label in soil
inorganic N pools and microbial biomass in 0–10 and
10–25 cm soil cores, as well as leachate. After Nadelhoffer et al. (1999), we used the following equation to
determine the recovery of 15N relative to natural
abundance values for each ecosystem component:


15
Nrec ¼ mpool at:%15 Npool  at:%15 Nref

ð1Þ
at:%15 Ntracer  at:%15 Nref

15
15
 at:% Ntracer  at:% Nref ;
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Table 2 Summary of soil properties on each aspect and on toeslope near the channel
Location

Soil depth
to
saprolite
(cm)

Southfacing

30–35

[100

Toeslope

Northfacing
a

40–45

Depth
(cm)

Bulk
density
(g cm-3)

Soil texturea

Organic
C (%)b

VG parametersc,d
hs
(cm3
cm-3)

hr
(cm3
cm-3)

a
(cm-1)

n (–)

e
Ksat
(cm
h-1)

0–2

1.47

Gravelly sandy loam

15.82

0.363

0.001

0.020

1.338

0.97

0–10

1.14

Gravelly sandy loam

2.45

0.549

0.007

0.067

1.370

19.48

10–25

1.31

Gravelly sandy loam

1.68

0.399

0.005

0.037

1.375

1.47

0–10

1.09

Gravelly loam

2.50

0.590

0

0.073

1.304

7.25

10–25

1.26

Gravelly sandy clay
loam

1.27

0.447

0

0.058

1.239

0.94

0–10

1.26

Gravelly loam

42.82

0.523

0.019

0.023

1.337

0.98

10–25

1.05

Gravelly loam

1.70

0.434

0.010

0.030

1.310

87.98

Reported in National Resources Conservation Service, NRCS (2009)

b

Soil organic C data are from Eilers et al. (2012)

c

Parameters for the van Genuchten (1980) model of soil–water retention

d

Estimated using the RETC program (van Genuchten et al. 1991) to fit parameters to the measured soil–water retention data

e

Measured using a constant head permeameter on repacked cores in a laboratory

a

-

-

-

-

-

b

atom percent 15N of the labeled N pool, at.% 15Nref is
the at.% 15N of the reference (pre- or non-labeled) N
pool, at.% 15Ntracer is the at.% 15N of the tracer applied
(i.e., 99.3 at.%). We express recoveries as a percentage
of the total 15N tracer applied to the plot. Total soil
retention of N in each plot refers to uptake into soil–
microbial biomass and inorganic N pools. For calculations of 15N recovery in leachate (August time point
only), we assumed that the volumes of leachate and
concentrations of NO
3 -N collected in the zero-tension
lysimeters (an area of 300.5 cm2) were representative
of the plot (4 m2). We scaled volumes and NO
3 -N
masses collected in each zero-tension lysimeter to
calculate mass movement of NO
3 -N at the plot scale,
and, using the equation above, the percent recovery of
15
N tracer.

Data reporting and statistical analyses
-

-

-

-

-

Fig. 3 Soil–water retention curves based on van Genuchten
(1980) parameters for plots on the north-facing slope (a) and
south-facing slope (b)

where 15Nrec is the mass of 15N tracer recovered in the
labeled N pool (mg 15N m-2), mpool is the N mass of
the labeled N pool (mg 15N m-2) (at.% 15Npool is the
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We report means and standard error of 15N recovery in

soil inorganic N (NHþ
4 , and NO3 ) and microbial N
pools by soil core depth (0–10 and 10–25 cm) and by
plot, using the soil core as our experimental unit
(n = 3 per plot). In all cases, we report data in terms of
N (e.g., NO
3 -N). We used a mixed effects model
(restricted maximum likelihood estimation, JMP Statistical Software, version 10) to determine whether or
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Date (2010)

Fig. 4 Record of soil–water content at each plot. The left
panels (a) show a longer time period before and after the tracer
event. The right panels (b) expand the tracer event time period
(shaded area on left) to show the response of soil–water content
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Days since tracer addition

following the tracer (‘‘T’’) and chaser storm (‘‘C’’) applications
(T = 0 days). In both panels, rainfall inputs (natural and
experimental, as intensity) are shown above the water content
record
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not there was a significant (p \ 0.05) effect of
hillslope position (plot, n = 5), soil depth (0–10 and
10–25 cm, n = 2), or time (August vs October
sampling period, n = 2) on recovery of 15N in soil
pools. In our model, we treated hillslope position, soil
depth, and time as fixed effects, and soil cores
(samples 1–3 analyzed individually within each
labeled plot) as the random effect.

Results
Characterization of soil and soil–hydraulic
properties
Table 2 summarizes soil properties in north-facing,
toeslope, and south-facing locations. Overall, the
pattern in bulk density values and Ksat from the
surface 0–10 cm to the subsurface (10–25 cm) on both
slopes is consistent with NRCS (2009) reported
texture values and plant rooting patterns. The southfacing slope is gravelly sandy loam through the soil
profile from 0 to 25 cm. At 0–10 cm, where the
densest roots are, bulk density was 1.14 g cm-3 and
Ksat was 19.48 cm h-1, compared with higher bulk
density (1.31 g cm-3) and lower Ksat (1.47 cm h-1) at
10–25 cm. The exception was 0–2 cm on the sparsely
vegetated south-facing slope, where dried, slightly
adhered fines appear to ‘‘seal’’ bare, sparsely vegetated
soil surfaces between rain events. In this thin surface
layer, the bulk density was greater (1.47 g cm-3) and
Ksat was lower (0.97 cm h-1) than the rest of the
profile. The north-facing slope is gravelly loam from 0
to 25 cm. Bulk density was 1.26 and 1.05 g cm-3 at
0–10 and 10–25 cm, respectively. We measured Ksat
values of 0.98 cm h-1 at 0–10 cm and 87.98 cm h-1 at
10–25 cm, suggesting higher gravel and sand content
at depth, in the location of our measurements. The
toeslope had greater accumulation of clays at
10–25 cm, with a higher bulk density (1.26 g cm-3)
at 10–25 cm than at 0–10 cm (1.09 g cm-3). Ksat
values at 0–10 cm were higher than those at
10–25 cm: 7.25 and 0.94 cm h-1, respectively.
The van Genuchten (1980) fitting parameters a
(related to the inverse of the air-entry pressure,
Cherrey et al. 2003) and n (related to the pore size
distribution, Cherrey et al. 2003) show minimal
differences in unsaturated hydraulic properties
between the north- and south-facing slopes, and the
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Fig. 5 Bromide concentrations (a), 15N-nitrate at.% (b), nitrate c
concentrations (c), and ratios of 15N-NO
3 :Br normalized to the
initial tracer composition (d) measured in soil–water (collected
with tension lysimeters, closed symbols) and leachate (collected
with zero-tension lysimeters, open symbols) at multiple depths
in the soil profile at each plot. Note the differences in the y-axis
across plots in d

TS plot has slightly higher a, consistent with a smaller
air entry value (i.e., coarser-textured soil at the
surface). The small differences in van Genuchten
(1980) fitting parameters are reflected in both soil–
water retention data from the laboratory and the
estimated soil–water retention curves using the van
Genuchten functional relationships (Fig. 3a, b). In the
typical soil–water conditions associated with the
summer season, which had soil–water contents less
than 0.3 cm3 cm-3 and pressure heads of less than -100 cm, the soil–water retention curves are almost the
same among plots. The NF-L 0–10 cm soils hold
slightly more water at a given pressure head than soils
at other plots (Fig. 3a), likely a result of higher organic
matter.

Hydrologic conditions and bromide tracer
movement
Prior to the start of the tracer–chaser experiments, the
cumulative rainfall (measured at NADP CO94) since 1
June was 97.8 mm, and the most recent rain events
were light, with intensities of approximately 1 mm
h-1, on 18 and 19 July. Initially, NF-L soils were
wetter than the south-facing slope positions
(0.16 cm cm-3 and \0.07 cm cm-3 in NF-L and
south-facing positions, respectively, at 5 and
19–25 cm depths), while NF-U was slightly drier than
SF-U (0.05 vs. 0.06 cm cm-3 at 5 cm, Fig. 4a). No
natural rainfall occurred during any of the tracer–
chaser applications. Rainstorms of B1 mm h-1 and
B9.4 mm day-1 occurred from 30 July through 5
August, 7–10 days following the tracer–chaser applications (measured at NADP CO94, Fig. 4a).
Within north-facing slope plots (NF-U, NF-L, and
TS), we measured peak Br- concentrations in soil
water 1–2 days after tracer application (Fig. 5a). At all
positions and depths measured on the north-facing
slope, Br- concentrations in soil–water and leachate
were \800 mg L-1 by 20 days after the start of the
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Table 3 Background N masses and
a

Soil N pool

SF-U
N
(g m-2)

15

N natural abundance of soil pools at each hillslope position

SF-L
15

N
(at.%)

N
(g m-2)

TS
15

N
(at.%)

NF-L

N
(g m-2)

15

N
(at.%)

N
(g m-2)

NF-U
15

N
(at.%)

N
(g m-2)

15

N
(at.%)

Soil NHþ
4
0–10 cm

0.154

0.3691

0.317

0.3678

0.268

0.3675

0.561

0.3678

0.260

0.3644

10–25 cm

0.260

0.3698

0.269

0.3656

0.234

0.3738

0.389

0.3696

0.082

0.3812

Soil NO
3
0–10 cm

0.035

0.3558

0.052

0.3643

0.0103

0.4017

0.6529

0.3620

0.0034

0.2797

10–25 cm

0.141

0.3624

0.061

0.3667

0.2002

0.3663

0.4692

0.3624

0.0034

0.3663

Microbial biomass

a

0–10 cm

0.471

0.3853

0.759

0.3947

1.041

0.3685

0.806

0.3935

1.444

0.3812

10–25 cm

0.501

0.3853

0.663

0.3857

0.468

0.3904

0.379

0.3935

0.159

0.3812

n = 1 sample per value. One sample consisted of three soil cores composited per plot

experiment (approximately 10-fold decrease from the
Br- concentration of the applied tracer solution). In
contrast, we obtained few measurements of soil–water
or leachate in lysimeters within the south-facing slope
plots, due to little availability of water at 10 and 30 cm
depths throughout the study period (Fig. 5a). At SF-L,
Br- concentrations remained higher than north-facing
slope plots over the measurement period, and by
20 days after the start of the experiment, concentrations were 4571 mg L-1—less than a 2-fold decrease
from the applied tracer solution—in soil–water collected at 10 cm. At SF-U, leachate (rapid vertical
flow) was 5899 mg L-1 18 days after tracers were
applied, and 842 mg L-1 in soil–water at 20 days
post-application.
Measurement of soil–water content in the subsurface provided another assessment of hydrologic
response in the study plots. Following the tracer–
chaser applications, soil–water content increased
approximately 0.04 cm cm-3 in the north-facing
plots, but showed little change in the south-facing
slope plots, by only 0.008 and 0.003 cm cm-3 in SF-U
and SF-L, respectively (Fig. 4a, b). The soil–water
content responses to the tracer–chaser application and
subsequent natural rainfall at the different depths were
approximately synchronous at the NF-U, NF-L, and
TS plots but asynchronous at the SF-U (larger
magnitude and faster response at 5 cm) and SF-L
(little response with a delayed increase only at 22 cm)
plots. The change in soil–water content between the
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tracer–chaser application period and the initial condition shows that the north-facing plots respond from a
factor of two to over an order of magnitude larger
change in soil–water content relative to the southfacing plots. Over the 22-day measurement period, the
NF-L plot trended toward draining within both
measured depths, the NF-U and TS plots continued
to increase in soil–water content at both measured
depths, and the SF-L plot experienced a small response
at 22 cm, 14 days after the initial tracer–chaser
application. Overall, the soil–water content response
within north-facing (including TS) plots was more
dynamic than the south-facing slope plots; we measured more rapid wetting and drying—a difference of
0.10–0.15 cm3 cm-3 over 1 day in north-facing slope
plots, compared to \0.09 cm3 cm-3 over 1–3 days in
south-facing slope plots—in response to our experimental rainfall events.
15

N tracer transport and recovery

For the purposes of calculating 15N recovery in soils
and microbial biomass, we measured the background
N masses and 15N natural abundance of these pools
prior to the start of the tracer experiments. These data
are summarized in Table 3. Following application of
the tracers, 15N-NO
3 soil–water and leachate results
were limited to depths at each plot where we were able
to obtain sufficient sample for analysis. On the northfacing slope, the pattern of 15N-NO
3 in solution (both
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Table 4 Recovered

15

Sampling period

Ecosystem pool

August

Mineral soil

225

N at each plot location during August and October 2010 collections
NF-L

NF-U

1.81 (0.98)

2.18 (0.53)

0.82 (0.32)

1.97 (1.44)

4.91 (1.09)

0.43 (0.21)

4.39 (2.25)

2.59 (2.69)

0.84 (0.62)

1.55 (0.39)

N-NOa
3

15

Mineral soil
0–10 cm

10.50 (2.46)

7.09 (1.45)

0.20 (0.17)

14.72 (8.87)

2.04 (1.75)

10–25 cm

1.53 (0.00)

11.23 (13.21)

0.20 (0.12)

28.62 (19.14)

0.93 (1.08)

Microbial biomass

15

Na

0–10 cm

0.95 (0.10)

0.88 (0.38)

1.71 (1.50)

2.98 (0.89)

8.51 (3.60)

10–25 cm

0.28 (0.01)

0.50 (0.05)

1.40 (0.04)

0.71

3.54 (1.16)

15

15

26

7

50

22

Total tracer recoveryb

16

27

11

51

44

Total soil

N recoveryb
N-NHþa
4

15

Mineral soil
0–10 cm

2.11 (1.05)

1.24 (0.08)

1.58 (1.00)

0.92 (0.10)

2.66 (0.37)

10–25 cm

4.12 (2.45)

1.15 (0.24)

1.94 (1.84)

0.75 (0.18)

2.50 (1.00)

7.26 (3.49)

7.36 (2.12)

0.13 (0.08)

3.23 (1.33)

0.24 (0.02)

7.14 (7.40)

6.32 (2.03)

0.10 (0.07)

3.03 (2.28)

0.16 (0.05)

11.27 (4.43)
1.71 (0.54)

2.17 (0.50)
4.25 (2.64)

12.35
2.21 (1.19)

1.49 (0.10)
1.22 (0.80)

59.02
0.86 (0.56)

34

23

18

11

65

N-NOa
3

15

Mineral soil
0–10 cm
10–25 cm

Microbial biomass

15

Na

0–10 cm
10–25 cm
Total soil
Values are mg

TS

N-NHþa
4

10–25 cm

a

SF-L

15

0–10 cm

October

SF-U

15

N recoveryb

15

N m-2 (±1 SE)

b

Values are percent of 15N label recovered at each plot. Total soil 15N recovery includes soil and microbial biomass 15N. Total tracer
recovery includes soil, microbial biomass, and leachate 15N. The latter is only calculated for August, as we stopped collecting
leachate at the end of July

soil–water and leachate) was similar to the transport of
Br- (Fig. 5a, b). That is, 15N-NO
3 at.% declined
rapidly at TS from 94.1 to 46.9 at.% at 5 and 30 cm
over the 9 days following the application of tracers; at
NF-L, it declined from 76.9 to 33.6 at.% at 10 cm over
14 days following tracer application; and at NF-U it
declined from 94.1 to 16.2 at.% at 10 cm over 13 days
following tracer application (Fig. 5b). On the southfacing slope, we were unable to obtain sufficient soil–
water N mass for isotopic analysis throughout most of
the measurement period; we collected only a few
samples C8 days after tracer application at SF-L and
SF-U, and all values were less than 40 at.%.
Patterns in soil–water and leachate NO
3 -N concentrations did not exhibit consistent behavior across
plots (Fig. 5c). In soil–water at both SF-L and NF-L,
we observed a slight increase over the measurement
-1
period: at SF-L, from 4.86 to 17.24 mg NO
at
3 -N L

-1
10 cm, and at NF-L, 1.85 to 6.45 mg NO
3 -N L
-1

(10 cm) and 4.45 to 7.72 mg NO3 -N L (30 cm).
Conversely, NO
3 -N concentrations declined over
time at TS and NF-U (at TS, 10 cm, from 2.85 to
-1
and 30 cm, from 0.64 to 0.11 mg
0.14 mg NO
3 -N L
-1

NO3 -N L ; at NF-U, 10 cm, 4.67 to 0.14 mg NO
3 -N
-1
-N
L
).
L-1 and 30 cm, from 5.09 to 0.06 mg NO
3
We were unable to obtain many measurements at SFU; the few we could analyze changed from 2.50 to
-1
4.79 mg NO
over time, but not in one
3 -N L
direction.
Ratios of 15N-NO
(Fig. 5d) in soil–water
3 :Br
normalized to the composition of the original tracer
-1
solution (99.3 at.% 15N-NO
Br-, set to 1)
3 :7.99 g L
provide another indication of native NO
3 ; or in situ
15

mixing and N cycling ( N-NO3 :Br \1) versus
predominantly dilution and transport of the tracer
(15N-NO
3 :Br [1) over time within the plots. The
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Table 5 Results of a mixed model analysis to assess controls
on soil 15N results
Response variablesa
Soil

15

NHþ
4

n

p values

3 Soil cores per plot

Plot

5

1.38

0.25

Soil depth

2

0.00

1.00

Time

2

0.25

0.61

Plot 9 soil depth

1.23

0.31

Plot 9 time

1.98

0.11

Soil depth 9 time

0.67

0.42

Soil

15

NO
3

3 Soil cores per plot

Plot

5

4.19

0.01

Soil depth

2

0.19

0.67

Time

2

3.04

0.09

0.42

0.79

Plot 9 soil depth
Plot 9 time

2.16

0.09

Soil depth 9 time

0.43

0.52

Microbial biomass
15
N

3 Soil cores per plot

Plot

5

1.91

0.13

Soil depth

2

5.93

0.02

Time

2

4.16

0.05

2.09

0.11

Plot 9 soil depth

a

F-ratio

Plot 9 time

0.89

0.48

Soil depth 9 time

2.34

0.14

Statistically significant results are bolded and italicized

ratio of 15N-NO
3 :Br was always \1 at both southfacing plots, but always [1 at NF-L and [1 at NF-U
within 4 days after tracer application. The ratio was
variable at TS over the course of the measurement
period (Fig. 5d).
We calculated 15N recovery within inorganic N and
microbial biomass, which reflect immediate fate of
atmospheric N deposition leading to ecosystem N
retention. We recovered 1–5 mg 15N m-2 in the soil
15
NHþ
4 pool in the top 0–10 cm of soil and 0.4–4 mg
15
N m-2 at 10–25 cm across sampling periods and
plots (see Table 4). Highest recoveries of 15N as NHþ
4
were at NF-U during the August collection and SF-U
during the October collection. In the 15N-NO
3 pool,
highest recoveries of 15N were in the mineral soil at
NF-L (15 and 29 mg 15N m-2 at 0–10 and 10–25 cm,
respectively), followed by SF-U and SF-L during
August. The October results indicated overall lower
recoveries of 15N in soil NO
3 across all plots and both
depths in the soil profile, except at SF-U, where
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recovery increased by 6 mg 15N m-2 at 10–25 cm
(Table 4). 15N recoveries in microbial biomass were
relatively low across all plots during the August
-2
collection: less than 4 mg 15N-NO
3 m , except for
-2
at 0–10 cm
NF-U, which was 8.5 mg 15N-NO
3 m
15
-2

and 3.5 mg N-NO3 m at 10–25 cm. In October,
-2
(0–10 cm) and
we recovered 2–11 mg 15N-NO
3 m
15
-2

0.5–4 mg N-NO3 m (10–25 cm) more 15N in
microbial biomass at all locations except for NF-L at
0–10 cm, which had a slightly lower recovery than we
measured in August. The most dramatic increase from
August to October was at NF-U, with 59 mg 15N-NO
3
m-2 recovered at 0–10 cm (Table 4).
Calculation of total soil 15N recovery (soil inorganic N and microbial biomass N) did not reveal a
strong pattern across the plots during either the August
or October sampling periods, although we observed
the highest recoveries during both sampling periods on
the north-facing slope (NF-L was 50% in August, and
NF-U was 65% in October, Table 4). We calculated a
total tracer recovery (soils, microbial biomass, and
leachate) after the August sampling period when we
stopped collecting leachate from lysimeters. The
highest overall recoveries of 15N were at NF-L
(51%) and NF-U (44%; Table 4).
We applied a mixed effects model to determine whether
hillslope position (plot, n = 5), soil depth (n = 2), and/or
sampling time (n = 2) were significant determinants of
15
N recovery in soil inorganic N and microbial biomass
pools. We treated these terms as fixed effects and
individual soil cores (n = 3 per plot) as the random effect.
Results indicated that only hillslope position (plot) was a
statistically significant determinant of 15N recovery in soil
NO
3 pools (p = 0.01, see Table 5); soil depth,
sampling time, and interactions of terms were not.
With respect to microbial biomass, both soil depth
(p = 0.02) and sampling time (p = 0.05) were significant predictors of 15N recovery (Table 5); more
15
N was recovered at 0–10 cm than at 10–25 cm, and
in October rather than August. These data suggest that
delayed biological uptake of 15N tracer occurred
within the soil matrix at some locations.

Discussion
This study addressed whether differences in nearsurface critical zone properties at locations along
north- and south-facing hillslopes affect the
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immediate fates of atmospheric N deposition during
convective storms in the montane zone of the Colorado Front Range. By controlling the amount of water
applied to our study plots during experimental tracer
addition and ‘‘chaser’’ storms, we isolated the effects
of soil properties and antecedent soil moisture conditions. Immediately prior to the start of the experiments, we found that soil moisture varied across the
plots, with wettest conditions at NF-L and TS, and
comparatively drier conditions at NF-U, SF-U, and
SF-L (Fig. 4a, b). While all locations have coarsetextured soils (Table 2), north-facing slope soils have
higher organic matter (Diek et al. 2014) compared to
south-facing slope soils, as well as a slightly higher
soil moisture content for a given soil–water tension
(Fig. 3a, b). These characteristics indicate that the
north-facing slope would likely have a greater potential to maintain soil moisture at the onset of summer.
We were surprised that antecedent soil moisture
conditions at NF-U were more similar to south-facing
slope plots than the other north-facing plots, but due to
its position on the hillslope and more open canopy, it
may have been better drained than lower north-facing
positions.
Despite differences in soil moisture at the start of
our rainfall experiments, tracer movement was consistent by aspect (i.e., NF-U, NF-L, as well as TS, vs.
SF-U and SF-L). Our results suggest that the initial
movement of both tracers was largely determined by
the degree to which the soil matrix responds dynamically to hydrologic events. Specifically, the toeslope
and lower plot on the north-facing slope were initially
wetter (Fig. 4a) relative to the south-facing slope plots
and the upper north-facing plot, but north-facing plots
wet up faster (immediately upon application of
experimental rainfall) than the south-facing slope
plots during the tracer experiments. As such, we
observed immediate transport of Br- and 15N-NO
3 in
the subsurface, as measured in soil–water and leachate
at all measured depths on north-facing slope plots
(including TS; Fig. 5a, b).
In contrast, little Br- and virtually no 15N-NO
3
were captured in soil–water and leachate at SF-U and
SF-L. These results are consistent with measurements
during the snowmelt period and described in Hinckley
et al. (2014), which showed a wetter, more connected
soil matrix on the north-facing slope than the southfacing slope throughout the spring. Immediate
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transport of water and tracers to depth on the northfacing slope is likely due to higher Ksat and organic
matter (providing pore structure and connectivity)
than in the bulk soil matrix of the south-facing slope,
see Table 2. These results supported our hypothesis
that north-facing slope soils tend to be more responsive—hydrological flow paths activate, moving water
and N more dynamically than the south-facing slope—
following summer rainfall events. It is possible that, as
during the snowmelt study (Hinckley et al. 2014),
locations within the south-facing slope experienced
rapid vertical flow in heterogeneous preferential flow
paths. Yet if this occurred during summer rainfall
events, our lysimeters did not capture it. It is also
conceivable that different scales of hydrologic heterogeneity resulting from different vegetation patterns
and soil properties affect movement of subsurface flow
and N. The experimental design here could be affected
by smaller scales of heterogeneity on north-facing
slopes that are captured by the soil–water content and
N sampling, giving the appearance of better connected
flow, versus larger scales of heterogeneity on the
south-facing slopes, perhaps from sparser vegetation,
that are not effectively captured by the instrumentation
and giving the appearance of preferential flow to
depth. Our experimental design could not capture
different scales of heterogeneity, but future efforts
focusing on water and N movement could consider
making finer spatial scale observations.
Close examination of the patterns in the 15N-NO
3
soil–water and leachate data indicates that N cycling
processes likely influenced our results at multiple plots
(Fig. 5b, c). In particular, increases in the concentration of NO
3 -N at SF-L and NF-L with concurrent
decreases in 15N-NO
3 at.% (observed at NF-L) or
consistently low 15N-NO
3 at.% (\50 at.% at SF-L and
SF-U) throughout the measurement period suggest
that nitrification occurred within the top 10 cm of the
soil profile (Fig. 5b, c). This pattern was supported by
15
N-NO
3 :Br ratios, which were \1 at both southfacing plots, indicating contributions of native NO
3 -N
(from N cycling processes or subsurface mixing) that
remained
lowered the 15N-NO
3 at.%, while Br
15
relatively high. At NF-U and NF-L, N-NO
3 :Br
ratios were consistently C1, indicating that 15N-NO
3
remained high relative to Br-, so transport was likely
the dominant process (Fig. 5d).
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At TS, transport of 15N-NO
3 out of the plot appears
to be dominant, because the ratio of 15N-NO
3 :Br
remained [1 at all depths where we were able to
obtain sufficient soil–water NO
3 -N for analysis, with
the exception of 5 cm (Fig. 5d). There was evidence
15
N values, given that soil–
of native NO
3 diluting
15
water and leachate N-NO
3 at.% was consistently
lower than that of the tracer during the period of
measurement (Fig. 5b). This observation—possibly
indicative of nitrification or subsurface mixing—is in
line with studies of nutrient cycling at other nearchannel locations, where higher soil moisture and
substrate availability persist (Hirobe et al. 1998). The
variability in contributions of native NO
3 to soil–
along
our
study
transect
water and leachate 15N-NO
3
is similar to previous studies that have observed spatial
patchiness in N processing rates (Robertson et al.
1988). We expect that heterogeneity in soil moisture,
as well as the composition and activity of the
microbial community (e.g., relative abundances of
nitrifiers and heterotrophs) within and among plots
contribute to these differences.
Generally, NO
3 -N concentrations were high in
soil–water and leachate, in particular at SF-U and SFL where they approached or exceeded 10 mg NO
3 -N
-1
L (Fig. 5c). Prior to this study, we sampled lysimeters for NO
3 -N concentration periodically during
snowmelt, and measured concentrations B4.02 mg
-1
NO
at SF-U, for example (data not shown).
3 -N L
15
While we did add NO
3 (as our N label) to these soils,
it appears that they may have relatively high rates of
nitrification during the growing season. In the alpine
zone of the Niwot Ridge LTER, Brooks et al. (1995)
measured NO
3 contributions (from nitrification) of
-2
and 145–346 mg NO
81–793 mg NO
3 -N m
3-2
N m in shallow and deep soils, respectively, covered by snow. Other studies have demonstrated the
stimulating effect of rain on NO
3 availability. From
pre-monsoon to monsoon conditions in a desert
ecosystem, McCrackin et al. (2008) measured

increases in soil NO
3 from \5 to [10 mg NO3 -1
dry soil. In our system, we expect that
N kg
stimulation of nitrification may be related to wetting
and drying cycles on both slopes.
Uptake of 15N in microbial biomass differed across
the plots, as well, although most occurred within the
top 10 cm of the soil profile, which is not surprising,
given that the microbial abundance is highest in
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surface soils (see Fierer et al. 2003). Initially (i.e.,
during the August soil collection), there was greater
microbial 15N uptake at north- than south-facing
positions. This result may be explained by higher C:N
ratios on the north- than the south-facing slopes;
microbes may be more limited by N within northfacing slope soils, leading to higher rates of N
immobilization. In addition, the microbial community
may have sufficient soil moisture storage to respond to
N inputs on the north-facing slope, whereas the southfacing slope is more water-limited. At SF-U and SF-L,
it was not until the October soil collection that we
observed microbial biomass 15N [1 mg 15N-NO
3
m-2. Significantly more 15N had also been immobilized at NF-U, NF-L, and TS (Tables 4, 5). However,
measurement of 15N in the soil NHþ
4 pool at all plots
during both soil collection periods (Table 4) indicates
that 15N cycled into organic matter and was subsequently mineralized to varying degrees. Greatest
recoveries of 15N-NHþ
4 were at NF-U, although they
were not significantly different from other plots, per
the results of our mixed effects model (Table 5).
Our results of microbial 15N uptake suggest that the
composition and abundance of the microbial community may shift over the course of the growing season
and during the seasonal transition to winter. Based on
our observations of increasing NO
3 -N concentrations
in soil–water and leachate over the measurement
period at SF-U, SF-L, and NF-L, there is evidence that
nitrifiers can survive periods of wetting and drying,
þ
producing more NO
3 from soil NH4 released when
soil–water content increases (Fig. 5c, d). At this time,
NO
3 production may exceed uptake by the microbial
community, similar to results observed by Fierer and
Schimel (2002) during a wet-up experiment evaluating microbial responses in oak and grassland soils. By
October, it may be that heterotrophs became more
abundant in south-facing slope soils, resulting in
higher rates of N immobilization. Seasonal changes in
the composition of the microbial communities in
north- versus south-facing slope soils merits more
research.
Total soil 15N recovery in measured pools (bulk
soils and microbial biomass) and total tracer recovery
(soils, microbial biomass, and leachate fluxes) was on
the upper north-facing slope plots. Both NF-L and NFU had total soil 15N recoveries C50% in August and
October, respectively; during August, total 15N
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recovered (soils, microbial biomass, and leachate) was
51 and 44% at NF-L and NF-U (Table 4). These
results are consistent with those expected for forested
ecosystems (Templer et al. 2012), and point again to
the role of the microbial community in retaining N
inputs to north-facing slope soils. However, within
each sampling period (August and October), there was
not a consistent pattern in total soil 15N recovery. This
result, which was counter to our expectations that we
might see higher recoveries at NF-U, NF-L, and TS
than SF-U and SF-L, indicates the degree to which the
suite of factors controlling the fate of N and water
during the summer produces heterogeneity at larger
scales of interest, including hillslope to catchment
scales.
In the context of water movement and atmospheric
N delivery to mid-elevation systems at annual timescales, we suggest that the patterns of N retention and
transport are made more heterogeneous during summer rainfall than spring snowmelt. During the summer, local controls (e.g., organic matter content, soil
moisture content, soil microbial community composition and biomass) influence the fate of atmospheric N
deposition. These endogenous controls appear to
operate to varying degrees across hillslopes, producing complicated patterns of water and N transport. Our
data suggest that north-facing slopes have greater
consistency in their response to water and N availability across seasons—similar to our snowmelt study,
we observed rapid transport of water and biological
uptake of applied 15N during experimental rainfall,
despite heterogeneity in antecedent soil moisture
conditions. A more connected soil matrix with higher
Ksat and organic matter content on the north-facing
slope may explain this behavior. In addition, northfacing slope soils have a microbial community that is
more likely to immobilize N inputs; this may be
explained, at least in part, by higher soil organic C in
the surface (0–10 cm) of north- than south-facing
slope soils. Exploring changes in the microbial
community over time, as well as how point-scale
differences in critical zone characteristics aggregate to
affect N export at hillslope-to-catchment scales, are
important next steps in understanding N retention
across elevation gradients.
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